I. INTRODUCTION

S
KILLFUL FORECASTS of tropical cyclone (TC) track and intensity depend on an accurate depiction of the initial conditions of air and sea states in TC forecast models [1] . A primary source of difficulty in past efforts for TC forecasts has been the inability to make direct observations of the surface wind field, which is one of the key driving forces for the heat and moisture exchanges between the air and sea surfaces [2] - [4] . There are strong needs for global high-wind observations from satellites [5] .
QuikSCAT, which is the SeaWinds scatterometer on the QuikSCAT satellite, is a spaceborne Ku-band (13.402 GHz) scatterometer designed to measure the normalized radar cross section of sea surfaces. The ocean surface at Ku-band is sensitive to the ocean surface wind velocity (speed and direction). The relationship between and the ocean surface wind velocity, usually described by a geophysical model function (GMF), enables the retrieval of ocean surface winds from scatterometer measurements.
QuikSCAT uses a conical scanning antenna reflector, illuminated by two antenna feed horns to produce two antenna beams (Fig. 1) . The inner beam operates at a nominal incidence angle of 46 with horizontal polarization and the outer beam operates at a nominal 54 incidence angle with vertical polarization. During a satellite pass, a wind vector cell (WVC) will be observed at fore-and aft-looking azimuth directions by the antenna. The dimension of QuikSCAT WVC is 25 km across track and 25 km along track. The relative azimuth angle between the fore-and aft-looks varies between 0 to 180 , depending on where the WVC is located within the swath. This azimuth diversity enables the investigation of the wind direction dependence of for TCs. The QuikSCAT scatterometer has been operating since August 1999 to provide global mapping of ocean winds. It was shown to be accurate for wind speed of up to at least 20 m/s [6] . The global wind fields from QuikSCAT have been routinely assimilated into the numerical weather prediction systems operated by the National Center for Environmental Prediction (NCEP) and European Center for Medium-Range Weather Forecasts (ECMWF).
The performance of QuikSCAT is uncertain for above 20-m/s wind speeds. The development of the GMF and retrieval algorithm using spaceborne scatterometers for hurricane wind velocities is still under active research [7] - [12] . Published techniques for correcting the underestimates of satellite winds at high wind speeds include the use of surface pressure analysis [7] or a tuning of the GMF [8] , [10] , [12] .
Numerous aircraft scatterometer campaigns over TCs have been performed to assess the scatterometer GMF for extreme high winds. The University of Massachusetts (UMASS) Ku-band scatterometer observations at vertical polarization demonstrated that there were wind speed signals in ocean of TCs, although with a reduced sensitivity in comparison with lighter wind conditions ( 20 m/s) [9] , [10] . The dual-polarized observations made by the Jet Propulsion Laboratory (JPL) indicated that the Ku-band radar signature is polarized for hurricane wind conditions with the horizontal polarization being more responsive to the wind speed than the vertical polarization [11] .
An examination of the QuikSCAT of several Pacific and Atlantic TCs in 1999 confirmed the reduced wind speed sensitivity and polarized scattering behavior indicated by aircraft observations [12] . In addition, it was suggested that the wind speed sensitivity of could extend beyond 40 m/s. However, the limited amount of data did not allow a more detailed analysis of wind direction dependence and rain effects.
U.S. Government work not protected by U.S. coyright. This paper presents the results from the analysis of QuiksCAT data from the 1999 and 2000 hurricane seasons for the wind direction modeling of ocean for extreme high winds. A simple functional correction of the QSCAT1 GMF, presently used by the JPL and National Oceanic and Atmospheric Administration (NOAA) data processing systems for QuikSCAT, is proposed for rain-free conditions. We examined two radiative transfer (RT) models for the effects of rain. The coefficients of the RT models were taken from previously published research. The RT models present a physical picture regarding the relative significance of rain attenuation, volume scattering, and rain-drop-induced surface scattering. The RT models, together with the modified QuikSCAT GMF, were applied to the processing of QuikSCAT data to indicate how accurate the effects of rain can be corrected.
Section II discusses the effects of wind direction on QuikSCAT of TCs and presents a correction model for the QSCAT1 GMF. Section III describes two radiative transfer models. Section IV illustrates and discusses the results from the application of the RT models for TC wind retrieval. Summary of our investigation is presented in Section V.
II. QUIKSCAT OBSERVATIONS
The azimuth diversity of QuikSCAT fore-and aft-look geometry allows a direct examination of the wind direction dependence of TC . Fig. 2 (a) and (b) illustrates the fore-and aft-look acquired by the inner and outer antenna beams for hurricane Alberto in 2000. Alberto was considered to be the third-longest-lived tropical cyclone of record in the Atlantic and offered many QuikSCAT observations throughout its lifetime. The images, organized in five columns, illustrate the data from five QuikSCAT passes, including revs 5975, 5982, 5989, 5996, and 6103. Table I summarizes the best track intensities of Alberto from the National Hurricane Center (NHC) for these five QuikSCAT passes with the maximum wind speeds in the range of 44-56 m/s. The images in the first two rows of Fig. 2 (a) and (b) indicate the evolution and location of Alberto. The spatial patterns of appeared asymmetric with respect to the center of the cyclone, marked by black crosses. The locations of black crosses are based on a linear interpolation of the best track locations reported at certain times to the time of QuikSCAT observations. The interpolated eye locations appear reasonable for revs 5975 and 5982, but seem to be off by one to two QuikSCAT WVCs for revs 5996 and 6103 from the location of minimum (purple color in Fig. 2 ) adjacent to the crosses. The location of minimum QuikSCAT should be a more accurate indicator of the eye location, where lighter winds provide a lower radar scattering than the winds on the eye wall.
The images in the third row of Fig. 2 (a) and (b) illustrate the asymmetry (fore-look divided by aft-look ) in decibels between fore-and aft-look measurements. The asymmetries, strikingly similar between inner and outer antenna beams, suggest the influence of wind direction on for hurricane winds. The effects of rain are indicated by a comparison of Fig. 2(c) with Fig. 2(a) and (b) . The images in the first row of Fig. 2(c) correspond to the collocated rain rate from the Special Sensor Microwave Imager (SSM/I) [14] . Many parts of the cyclones had an SSM/I rain rate of lower than 10-15 mm/h. It should be noted that there is usually a time difference between the SSM/I and QuikSCAT passes, which can result in a spatial mismatch between SSM/I and QuikSCAT observations. For example, a cyclone with a forward motion of 10 m/s could travel 24 km in 40 min, comparable to the size of QuikSCAT WVC (25 km). Therefore, the brightness temperatures derived from the QuikSCAT receiver-noise-only measurements [13] are included in the second row of Fig. 2(c) to corroborate the spatial distribution of rain rate in the SSM/I images. The high SSM/I rain rates (orange color) typically correspond to high QuikSCAT brightness temperatures (red-green color). An examination of the images in Fig. 2(a)-(c) indicates that the regions of high rain rate ( 20 mm/h) have lower than the neighboring areas, indicative of the attenuation effects of rain. COLUMN 5 It is shown in Fig. 2 that there are differing between foreand aft-look observations. Fig. 3 illustrates the taken from two cuts through the eye of the hurricane for rev 5989. The rain rate was mostly less than 10 mm/h on the along-track cut, where there is wetter atmosphere on the north side of the eye. To the south of the eye, there is about 0.5-1-dB difference between the fore-and aft-look observations. The difference increases with increasing distance from the eye and reaches as large as 3 dB for the inner beam (horizontal polarization) and 2 dB for the outer beam (vertical polarization) at about 200 km off the eye. It is not expected that the scattering and attenuation effects of rain will introduce significant difference between fore and aft-look measurements. The results imply that the directional dependence of decreases with increasing wind speed (approaching the eye), but may still have a directional dependence of about 0.5 dB at 40-50-m/s wind speeds. Fig. 3 also indicates the effects of rain on the near the eye, where extreme high wind is expected. The data bounded by two vertical dash lines in the across-track panels correspond to high SSM/I rain rate and QuikSCAT brightness temperatures. Rain appeared to make the in this region lower than that of the adjacent areas. Examination of several other revs of QuikSCAT data indicates similar characteristics.
The wind direction dependence of can be expressed in terms of a cosine series with coefficient denoting the amplitude of the ith harmonics. Using the ratios of fore-and aft-look observations, we estimated the upwind and crosswind asymmetry of by neglecting the upwind and downwind asymmetry. Specifically, we made the approximation for extreme high wind:
, where is the relative angle between the wind and antenna look directions. Following the procedure described in [12] using the Holland model for hurricane winds [19] to provide the wind speed and direction, we estimated the ratio from the ratio (r) of each pair of foreand aft-look (1) Here , , and represent the directions of wind, fore look, and aft look, respectively. Explicitly, with and denoting the from fore-and aft-looks, respectively. The estimate of is performed only if the denominator on the right-hand side of the equation is greater than 0.5.
The estimates were binned and averaged as a function of wind speed and rain rate using data from the QuikSCAT passes of hurricanes in 1999 and 2000. The estimates of ratios are illustrated against the QSCAT1 and NSCAT2 GMFs [15] in the two lower panels of Fig. 4 . The ratios from the QSCAT1 and NSCAT2 GMFs are constant at about 1 dB for above 23-m/s wind speed. The constant values were assumptions because there is a lack of accurate high wind speed predictions in the numerical weather analyses for developing the QSCAT1 and NSCAT2 GMFs. Our estimates of ratios for 0-2-and 2-4-mm/h rain bins follow well with the decreasing trend of QSCAT1 and NSCAT2 ratios at near 20-m/s wind speeds.
To reach a better agreement with the QuikSCAT estimates, we propose the following modifications to the QSCAT1 GMF for wind speeds above 23 m :
for and
Here is the wind speed in meters per second. The value of is 0.0025 for inner beam and 0.0018 for outer beam [12] . The modified GMF is illustrated in Fig. 4 with legend QSTC02. The empirical correction makes the modified GMF in closer agreement with the data.
III. RADIATIVE TRANSFER MODELING
Rain will attenuate the radar signal, introduce volume scattering from raindrops, and roughen water surfaces to produce surface scattering. To account for the effects of rain, we assume the following radiative transfer model for QuikSCAT observations: (4) Here represents the integrated volume scattering from raindrops with attenuation by the rain layer above the raindrops. The attenuation per unit length is denoted by . corresponds to the scattering from the surface roughness due to rain impact.
is the QuikSCAT GMF for rain-free conditions. This model neglects the interaction between wind waves and rain impact.
The above model assumes a stratified rain layer with constant rain rate and column height of . For this model, the two-way rain attenuation factor at an incidence angle of is accounted for by the exponential factor. The volume scattering (per meter) (m ) is related to the rain reflectivity factor (Z) [21] ( 5) where is the radar wavelength in centimeters; is in meters; and has the dimensions of millimeters to the sixth power per cubic meter (mm per m ). The factor for water varies between 0.89 and 0.93 over 0 C to 20 C temperature range and 1-10-cm wavelength range. For simplicity, is set to be 0.9 for our study.
The above radiative transfer equation can be recast into another form (6) 
In the above equations, represents the volume scattering from raindrops and attenuated surface scattering from rain-induced surface roughness.
A. HB Model
The dependence of m and [in decibels per kilometer (dB/km)] on the rain rate typically takes a power-law form (9) (10)
The model coefficients depend on the shape and drop size distribution of raindrops and are modeled by the parameterization developed by Haddad et al. [16] . The coefficients are , ,
, and , corresponding to the shape parameters " " and "
." The values of these coefficients were derived for 13.8 GHz [16] . We did not rederive these for 13.4 GHz, because our objective is to investigate the sensitivity of wind retrievals to the radiative transfer models. Small changes of modeling coefficients do not affect our general conclusions.
The scattering by the water surfaces roughened by raindrops is typically related to the rain rate by a power law [17] (11) Following the model proposed by Bliven et al. [17] , . The proportional coefficient was determined by matching the model outputs at 1 mm/h with the rain scattering model suggested by [18] (see upper panels of Fig. 5 ). The results are for the QuikSCAT inner beam and for the QuikSCAT outer beam.
We will denote the above radiative transfer model with the modeling coefficients in (9)-(11) from Haddad et al. [16] and Bliven et al. [17] as the HB model.
B. SY Model
In addition to the HB model, we applied another rain scattering model for the correction of rain effects on wind retrieval. This model was proposed by Stiles and Yueh [18] and hereafter is denoted as the SY model, which was developed based on the analysis of collocated QuikSCAT data, NCEP winds, and SSM/I rain rate. In principle, the SY model is only valid for 20-m/s wind speed and 10-mm/h rain rate conditions because of the limitations of NCEP winds (very few high wind predictions) and SSM/I rain rate. The SSM/I rain rate product cuts off at 25 mm/h, but its range of validity is more limited because the SSM/I 19-and 37-GHz radiometer brightness temperatures are close to saturation for above 10-mm/h rain rate. The use of the SY model for tropical cyclones is an extrapola- tion. The SY model parameterizes the coefficients and by the integrated columnar rain rate RH (12) (13) The unit of here is in kilometers, instead of meters, which is used for the HB model. The model coefficients are summarized in Table II . for the inner and outer beams. The agreement between SY (solid curve) and HB (short-long dashes) models is reasonable for 10 mm/h, but could be different by as much as 2 dB at 50-mm/h rain rate for the inner beam. In the HB model, (dotted line) for the scattering by rain-induced surface roughness (e.g., ring waves) is more significant than , the volume scattering for 10-mm/h rain rate, but becomes less significant for 15 mm/h.
The major discrepancy between the SY and HB models is the estimates of two-way attenuation, illustrated in the two lower panels of Fig. 5 . The HB model predicts a lower attenuation for 10-mm/h rain rate, but increases more rapidly for higher rain rates. This could be a result of differences in spatial resolution and the limited accuracy of SSM/I rain rate. The HB model, ap- [18] plied to the precipitation radar with 4-5-km spatial resolution on the Tropical Rain Measuring Mission (TRMM), was derived from the aircraft rain radar data with resolution in the order of kilometers, while the SY model was an empirical analysis of QuikSCAT and SSM/I data with a footprint size in the range of 30-40 km. A large footprint size could result in partial beam filling of rain cells, leading to a more gentle increase of attenuation versus rain rate [14] . Here, we will not attempt to resolve the differences between these two models, but will take advantage of their differences to investigate the response of wind retrievals to rain models. It is known that the top of rain layer in tropics could reach as high as 5 km. However, to obtain unbiased estimates of "surface" rain rate, the monthly climatology used by the SSM/I retrieval algorithm [14] has a rain column height of no more than 3 km in tropics. We presented our analysis for a thickness of 3 km from the perspective of SSM/I retrieval of surface rain rate. Nevertheless, it is important to recognize that the effects of rain on radar backscattering will be more severe for a thinker rain layer. 
C. Model Characteristics and Comparison
The relative significance of rain and wind on depends on the wind speed and rain rate. The total radar predicted from the HB and SY models for a rain column height of 3 km are illustrated in Fig. 6 . The upwind and crosswind , indicated by solid and dashed curves, respectively, are plotted to indicate the wind direction dependence of under the influence of rain. Each panel includes the model predictions for 0-, 5-, 10-, and 20-mm/h rain rate. The net effects of rain increase for light and moderate winds and reduce for extreme high winds. Therefore, if uncorrected, rain will result in overestimates of wind speed for light and moderate winds and underestimates for extreme high winds.
Here is an example for more quantitative comparison. The wind-induced surface scattering is about 11 dB for 30-m/s wind speed (upper panels of Fig. 4) . A rain rate of 10 mm/h will attenuate the signal by about 2.5 and 3.5 dB for QuikSCAT inner and outer beams, respectively (Fig. 5) . Hence, the attenuated wind-induced surface scattering will be about 13.5 and 14.5 dB. In contrast, the scattering induced by raindrops at 10-mm/h rain rate produces of about 16 dB for inner beam and 18 dB for outer beam (upper panels of Fig. 5) , which are about 3 dB less than the wind signals. Should the rain rate increase to 15 mm/h, the rain scattering and attenuated wind-induced surface scattering will then be comparable at about 14-dB level for inner beam and 16-dB level for outer beam. The models suggest that the wind-induced signals dominate the rain scattering under the conditions of 30-m/s wind speed and 10-mm/h rain rate for a rain column height of 3 km.
The other effects of rain are to reduce the wind direction sensitivity of . For light winds ( 5 m/s), the rain-induced surface and volume scattering reduces the upwind and crosswind asymmetry of to less than 1 dB for heavy rainfall of 10 mm/h (Fig. 6) . The reduction of directional dependence is due to the increase in attenuation and rain-induced volume and surface scattering, which are assumed to be independent of wind direction. When the wind speed increases, the wind-induced surface scattering increases and begins to overcome the impact by rain. As the wind speed reaches above a certain threshold, depending on the rain rate and column height, the directional characteristics of wind-induced surface scattering will not be overwhelmed by rain. For extreme high wind speeds of above 30 m/s, the upwind and crosswind asymmetry of do not vary significantly from rain-free to about 10-mm/h conditions.
The major difference between the HB and SY models, as indicated in Fig. 5 , is the path attenuation (A) for off 10-mm/h rain rate. This is reflected in Fig. 6 for above 30-m/s wind speed. The estimates of from the HB model are about 1 dB higher than that from the SY model at about 5-mm/h rain rate, while the HB model estimates are lower for above 10 mm/h. This implies that the HB model for wind retrievals will result in lower wind speed estimates than the SY model for hurricane force winds at about 5-mm/h rain rate, but will tend to produce higher estimates for above 10-mm/h rain rate.
IV. QUIKSCAT WIND RETRIEVALS FOR TROPICAL CYCLONES
The HB and SY radiative transfer models, together with the revised rain-free GMF (QSTC02), have been applied to the wind retrievals for hurricanes in 1999 and 2000. The differences between the HB and SY models allow the assessment of how the wind retrievals respond to the uncertainties in rain attenuation and scattering models.
The methodology for wind retrieval is described in [12] and is based on the maximum-likelihood measure to minimize the difference between QuikSCAT measurements and model estimates under the constraint of SSM/I rain rate. The rain column height is from the monthly climatology maps used to derive the SSM/I rain rate [14] . In general, there are multiple local minima, representing multiple possible solutions (ambiguities) with diverse wind directions. We used the Holland model field [19] to select the closest wind direction ambiguity [12] . The Holland model for the wind fields of tropical cyclones starts with an axially symmetry vortex model and linearly superimposes the forward motion of storm to create an axially asymmetric wind field. This model captures the general characteristics of tropical cyclones [19] and is expected to have a good skill to eliminate the ambiguities with their directions off the true wind direction by more than 90 . However, caution has to be taken for any storms significantly deviating from the Holland model.
The performance of wind retrievals using the SSM/I rain rate is limited by several factors, including the time difference between QuikSCAT and SSM/I passes and difference in spatial resolution. Thus, we limit our retrieval analyses to the cases that the spatial displacement between the SSM/I and QuikSCAT images caused by the motion of storm is less than the size of QuikSCAT WVC, which is 25 km. The other limiting factors for accurate wind retrieval include the accuracy of SSM/I rain rate for above 10 mm/h and the accuracy of radiative transfer models. The SSM/I rain retrievals use the brightness temperatures from 19-and 37-GHz radiometer channels [14] , which increase with increasing rain rate, but approach saturation at above 10-15 mm/h. We have to be careful in interpreting the wind retrievals for extreme high SSM/I rain rates. In addition, the RT models for retrievals have neglected the drop size distribution of rain, which plays an important role in predicting the radar scattering by raindrops. The best track intensity estimates for Alberto were based on the Dvorak technique [20] . The upper left panel plots the wind field for the selected wind ambiguity from the JPL QuikSCAT ground data processing system, to be denoted as the QS1 product. The QS1 product was retrieved using the QSCAT1 GMF and was not corrected for rain effects. The maximum wind speed in the QS1 product was about 35 m/s, far smaller than the 52-m/s maximum wind speed indicated by the best track analysis (Table I) . Part of this underestimate was due to the limited sampling resolution of QuikSCAT with wind retrievals performed on data acquired within a WVC. An estimate of the spatial averaging effect was performed using the Holland model field spatially averaged over 25 km 25 km areas with various central pressure (920-970 mbar) and radius of maximum wind (20-40 km). The estimated reduction of maximum wind speed due to the spatial averaging is about 10% to 15%, which cannot account for the large discrepancy between the QS1 maximum wind and the best track analysis. The upper right panel plots the wind speed of the closest wind ambiguities in the QS1 product with respect to the Holland model field, which was generated using the NHC best track analysis and the radius to maximum wind indicated in the QuikSCAT data [12] . The closest ambiguity offers small increase of wind speeds for several WVCs to the south of eyewall, but the maximum wind speed remains underestimated. A region to the east of eye by about 100 km has about 15-m/s wind speed (blue color in the figure), lower than that of the neighboring areas and is well coregistered with heavy rain area (orange color in the bottom left panel). The lower-than-expected wind speed estimates are likely due to the rain attenuation effects, which suppress for extreme high-wind conditions.
The middle right panel of Fig. 7 plots the wind field retrieved using the SY model and QSTC02 GMF and has indicated stronger wind speeds to the south of eyewall than the QS1 product. However, the wind speeds for the region to the east of eyewall, indicated by high SSM/I rain rate (regions enclosed by black curve in the lower left panel), appear to be underestimated. Similar characteristics have been observed in the wind retrievals for other revs of QuikSCAT hurricane passes. The results indicate that the SY model performs reasonably well for relatively light rain ( 10 mm/h), but fails to correct the retrievals for above 15-mm/h SSM/I rain rate.
A quantitative comparison is shown in Fig. 8 for the wind speed retrievals along two cuts near the eye of Alberto: one is along track, and the other is across track. The wind speed retrievals from the QSTC02/SY and QSTC02/HB models reach above 50 m/s, significantly higher than the maximum wind speed estimate of about 35 m/s from the QS1 product. The wind speeds from the regions with 15-mm/h rain rate were significant underestimates for the SY model and overestimates for the HB model and were not included in the figure. As a reference, Fig. 8 includes the Holland model field wind averaged over the locations of QuikSCAT samples within a WVC. The wind speed retrievals from the SY model seem to have a better agreement with the Holland model field for this case. However, the HB model agrees better with the Holland model for some other hurricanes. The varying performance of the SY and HB models probably reflects the influence of some other variables (e.g., drop size distribution) of rain in tropical storms, in addition to rain rate and column height. Other error sources include the spatial and temporal mismatch between the QuikSCAT and SSM/I observations. An indicator of the intensity of tropical cyclones is the maximum sustained wind speed. For most hurricanes, the NHC best track analysis performs the maximum wind speed estimates using the Dvorak technique [20] , which is based on a pattern matching analysis. QuikSCAT has the potential to augment the best track analysis with independent information regarding the intensity of cyclones and spatial variability of wind field. We performed wind retrievals for several cyclones and searched for the maximum wind speed in the region with less than 15-mm/h rain rate. Because the regions with 15 mm/h are excluded, the "maximum" wind speed estimates from QuikSCAT will in general be lower than the maximum wind speed of the storm under consideration. Fig. 9 compares the QuikSCAT estimates with the NHC best track analysis versus time for hurricanes Alberto and Isaac in 2000 and Gert and Dora in 1999. The estimates from QS1 products poorly indicate the strengthening and weakening of cyclones. In contrast, the estimates from the QSTC02 model function with the SY or HB rain model corrections track the intensity changes of Alberto and Gert reasonably well. In particular, the estimates for Gert reach as high as 60 m/s, similar to the best track analysis.
The intensity tracking using the QuikSCAT estimates for Isaac and Dora is not as good, but still indicates the intensification and weakening of cyclones during certain periods of time. It could be that the regions of maximum wind speed for Isaac near day 268 and Dora around days 220-225 were under heavy rain ( 15 mm/h) and were excluded from the search of maximum wind speed. Nevertheless, the estimates for Dora do reflect the intensity changes near day 225. The results clearly indicate that additional research is needed to improve wind retrievals for certain hurricane conditions. Due to the temporal and spatial mismatch between SSM/I and QuikSCAT observations, saturation of SSM/I rain retrieval for above 10 mm/h, limited accuracy of the Dvorak technique, the discrepancy between the best track analysis and QuikSCAT estimates for Isaac and Dora remains to be resolved. An improvement from our analysis will require a coincidental, improved rain product and perhaps additional ancillary measurements to estimate the effects of other rain parameters. The data from the SeaWinds scatterometer and Advanced Microwave Scanning Radiometer (AMSR) launched together on the Japanese Advanced Earth Observation Satellite (ADEOS) in December 2002 will offer such an opportunity. AMSR has 6.8-and 10.6-GHz radiometer channels, in addition to the SSM/I frequency channels, and could offer rain rate products valid beyond 20 mm/h.
V. SUMMARY
This paper describes QuikSCAT wind retrievals for tropical cyclones. A direct examination of the QuikSCAT data from several intense storms indicates a directional asymmetry of about 0.5-1 dB for wind speeds in the range of 30-50 m/s. The fore-and aft-look differences of are used to estimate the amplitude of upwind and crosswind asymmetry . The coefficients from the QSCAT1 GMF level off at above 23 m/s, while the coefficients derived from the data decrease with increasing wind speed and appear to follow the decreasing trend of the QSCAT1 coefficients at near 20 m/s. The corrections to the QSCAT1 GMF are expressed in a simple analytic form. The evidence on the directional behavior of data suggests a potential for wind direction retrievals from spaceborne scatterometers in extreme high-wind events, although an instrument with a better detection sensitivity than the QuikSCAT is required.
To compensate for the effects of rain on wind retrieval, two radiative transfer models are examined. The predictions of scattering from raindrops and rain-roughened surfaces agree reasonably well between these two models, but there is a significant difference in the predictions of rain attenuation. Both models are applied to the processing of the QuikSCAT winds and improve the estimates of wind speed for areas with relatively light rain. The results are corroborated with a comparative analysis with the best track intensity estimates of maximum wind speeds for several hurricanes.
However, the results are unsatisfactory for areas of high rain rate ( 15 mm/h). More detailed studies are recommended to improve the radiative transfer model and rain correction algorithm for wind retrievals. The best data to be available are the coincidental observations from the SeaWinds scatterometer and AMSR launched on December 14, 2002 and should reduce the errors due to temporal and spatial mismatches between QuikSCAT and SSM/I observations. The corrections of other rain parameters, including rain drop size distribution and column height, will need further modeling studies and additional coincidental measurements, such as multifrequency radar and radiometer observations.
